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INTRODUCTION
Most Rhodospirillaceae grow photosynthetically as well as chemotrophically (Oelze & Drews, 1972; Cohen-Bazire, Sistrom & Stanier, 1957) . The development of the photosynthetic apparatus located on a membrane system is controlled by light, and, more importantly, by the degree of aerobiosis. Under low aeration conditions in the dark, with no light-dependent energy available, the bacteria contain a photosynthetic intracytoplasmic membrane. Thus, when aerobically-grown cells are made anaerobic in the light or semiaerobic in the dark, differentiation of the membrane occurs during an adaptation phase (Saunders & Jones, 1974) simultaneously with the construction of the photosynthetic apparatus.
Recent reports have provided new information on this adaptation process, particularly on the multi-step assembly of photopigments in the developing membrane (Oelze & Pahlke, 1976; Niederman, Mallon & Langan, 1976) . Several aspects of this process, however, are poorly understood, especially those concerning the initial stages of the induction of the photosynthetic membrane system (Peters & Cellarius, 1972 ; Niederman et al., 1976) . A convenient approach to the study of this problem was by the use of mutants defective in the adaptation process. Such mutants were mainly photosynthetically incompetent strains; only two, which retained the ability to synthetize bacteriochlorophyll at a decreased rate, have been studied (Uspenskaya & Lyskova, 1972; Drews, 1974) . The 'Phofil' mutant isolated in this laboratory (Pradel & CICment-MCtral, I 976) was also aberrant in its adaptation to photosynthetic growth. Its physiological properties and the nature of the biochemical defects are reported here.
Orgnnisnis atid cirttiire conditions. Wild-type Rhodopseudomonas splioeroides (strain Y) and the derived 'Phofil' mutant were used. A synthetic medium equally suitable for aerobic and photosynthetic growth (Jolchine RC Reiss-Husson, 1974 ) was used and solidified, when necessary, with 1.5 : b (W:V) agar (Difco).
Unless indicated otherwise, the bacteria were grown at 30 "C, with magnetic stirring, in glass bottles (2 1 and IOO ml). Photosynthetic cultures were bubbled with nitrogen and illuminated with incandescent bulbs (5000 Ix). Aerobic cultures were grown either in the light and sparged with air or in the dark sparged with oxygen. Semi-aerobiosis was obtained by gassing with 02/Ny (5:95, v,v) or by incubating in Erlenmeyer flasks on a low-speed shaker. The cell density was estimated by measuring or by determining the number of viable cells. Microscopy. A Zeiss microscope with phase-contrast illumination was used. Bacterial nucleoids were visualized using a low-sensitivity film and a long exposure time.
Ultraviolet light irradintion. Philips lamps (TUV) placed in a glove-box were used. The evposure was determined with a Latarjet ultraviolet light dosimeter (Latarjet, Morenne & Berger, 1953) .
Cell envelope isohtion andpicrification. The method of Takemoto & Lascelles (1973) was employed with the following modifications. To remove the ribosomes the membrane fraction was suspended in 30 ?{ (w. v) CsCl and centrifuged at 350000 g for 60 min. The ribosome-free envelope fraction was then collected, washed and layered on a discontinuous density gradient of Ficoll. The method of Laemmli (1970) as modified by Clayton & Haselkorn (1972) was used for sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis. The stained gels were scanned at 550 nm on a Safas 3000 D spectrophotometer equipped with a linear transport device.
Anulyticul procedures. Bacteriochlorophyll was determined in the acetone/methanol (7 : 2, v/v) extract using c7i0 = 76 x 1o-O 1 mol-' cm-l (Clayton, 1963) . 4-Vinylprotochlorophyllide was determined as described previously (Pradel & CICment-MCtral, 1976 
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Physiological observations
Isolation and phenotype. The mutant studied was isolated (Pradel & Clement-Mitral, 1976 ) as a green colony of normal size after aerobic growth; under photosynthetic growth conditions, the mutant colonies were markedly smaller than those of the wild type. The relatively slow growth of the mutant in photosynthetic conditions was used to test its genetic stability in terms of reversion frequency. Mutant cells previously bleached by aerobic growth in the light, were plated and grown photosynthetically. The revertant cells appeared as purple points on a greenish background. When 6 x 10' mutant cells were plated, 30 revertants were obtained. The reliability of this method was confirmed in a reconstruction test by counting the purple points on Petri dishes plated with a mixture of 102 wild-type and 106 mutant cells.
The green colour was due to overproduction and excretion of a bacteriochlorophyll precursor complex. Microscopic examination revealed that in photosynthetic conditions the bacteria formed filaments of variable lengths with occasional septa (Fig. I a) , and with general swelling and local bulging (Fig. I b) .
Growth characteristics. Growth of the mutant strain was followed under extreme conditions: either in the dark at high partial pressure of oxygen or anaerobically in the light (the cells were pre-cultivated semi-aerobically). In aerobic conditions the lag phase was very short. In photosynthetic conditions it was very long: the doubling time, initially about I 2 h, decreased progressively to I 00 min during exponential growth. We shall hereafter describe the mutant cells during the long lag phase as 'unadapted' (to photosynthesis), in contrast to 'adapted' cells which grow exponentially under anaerobic conditions in the light. Growth and pigmentation. (i) Adapted mutant. After adaptation, the mutant strain had corrected both phenotypes; septation and cell division occurred at a normal rate, and all the pigmenl synthetized was integrated into the photosynthetic apparatus. Growth and pig-Cell envelope mutant of R. sphaeroides 367 mentation under photosynthetic conditions were temperature dependent. The mutant and parent strain had similar growth rates and cellular bacteriochlorophyll concentrations at temperatures above 30 "C (Table I) , but the effect of low temperature was more pronounced in the mutant. After aerobic growth on solid medium at temperatures above 30 "C, the colonies of both strains were identical. At lower temperatures, however, the mutant colonies were unusually crystalloid ( Fig. 2) and were composed of two types of cell, some identical to wild-type cells and others forming short filaments. (ii) Unadapted mutant. Pigment synthesis capacity was not affected in the mutant as was shown earlier by the calculation of differential rates of pigment synthesis (Pradel & ClCmentMCtral, I 976). Growth and pigmentation in photosynthetic conditions were studied throughout the adaptation phase (Fig. 3 ). The bacterial concentration was maintained, by successive dilutions of the culture, below a level corresponding to the yield of the wild type at the end of the exponential phase ( I -5 x 109 cells ml-l). The homogeneity of the culture was regularly checked by plating out. At the beginning of adaptation the bacteria grew very slowly and a growth rate could be determined between two dilutions. As growth proceeded, the growth rate increased (Fig. 3 , part C), but towards the end of the adaptation process, constant growth rates could no longer be determined (Fig. 3, part B ). Truly exponential growth was then established (Fig. 3, part A) ; the cells were adapted. The concentration of intracellular bacteriochlorophyll followed the same pattern as the growth rate, i.e. it increased progressively during adaptation. As the rate of pigment synthesis (bacteriochlorophyll+ precursor) did not change, the precursor was excreted at a rate which decreased throughout adaptation.
Colonies from inocula plated out at different times were homogeneous in appearance. Nevertheless their colour changed throughout the experiment. Plating out at the beginning of the adaptation process yielded colonies which were green due to the pigment precursor accumulating and diffusing deep into the agar. The colour was progressively lost as the leakage of pigment precursor decreased. At the end of the experiment, the colonies were purple, and crystalloid when grown at low temperature (26 "C).
In aerobic conditions, but under low partial pressure of oxygen, the leakage of pigment precursor depended on the physiological state of the cells; in the unadapted state leakage was severe but in adapted cells it did not occur. The growth rate, however, remained the same and was similar to that of the wild type, whereas the growth rate of unadapted cells grown anaerobically in the light was reduced due to the relatively low bacteriochlorophyll content which restricts the photochemical activity and therefore the utilizable energy.
Pigment precursor excretion and $lament formation. Both phenotypic expressions were studied simultaneously to see whether they were caused by a single pleiotropic mutation or a double mutation. The mutant could correct the leakage of pigment precursor both aerobically, with a high partial pressure of oxygen, and when the cells were adapted to photosynthesis. In either case division proceeded normally, the mutant cells being essentially the same size as the wild type.
When an inoculum was precultivated aerobically and transferred to semi-aerobic and then to photosynthetic growth conditions, the cells became elongated when pigment synthesis occurred, i.e. long filaments were obtained in anaerobiosis in the light (Fig. 4) . The reverse process, i.e. the recovery of normal cell division by unadapted mutant cells after inhibition of pigment synthesis, was also observed. Likewise, we noted that during the adaptation process (Fig. 3) , the filament length was directly proportional to the rate of pigment precursor excretion.
Thus the two phenotypic expressions appeared to be the consequence of the same mutational event. Moreover, the reversion rate of 5 x 10-7 indicated that the mutation was a single pleiotropic one.
Mutational defects
Analysis of cell envelope proteins. As the construction of the photosynthetic apparatus, as well as cell division, requires synthesis of the cell envelope, we examined the proteins of the envelopes of the wild type and the unadapted mutant using SDS-polyacrylamide gel electrophoresis. Pigmented cells of both strains differed only in the bands representing bacteriochlorophyll holochromes: bands 9, 10, I I at the reaction centre and band 15 for the antenna bacteriochlorophyll were markedly stronger in the wild type than in the mutant (Fig. 5a) . Depigmented cells from the unadapted mutant and from the wild type showed the same envelope polypeptide composition (Fig. 5 b) . However, when the proteins were purified further (centrifuging in a discontinuous gradient of Ficoll), the preparation from bleached mutant cells separated in two fractions. The first was situated, as in the wild-type preparation, between zones of 10 and 20 % (w/v) Ficoll; the second was between zones of 20 and 30 % (w/v) Ficoll.
Thus, except for the polypeptides which are associated with pigment, no appreciable defect in the major classes of polypeptides from the mutant cell envelope was detected. However, the separation of the cell envelope preparation in two fractions of different densities indicated that some modification had occurred. Of two types of mutants of Escherichia coli, one deficient in phospholipid synthesis (McIntyre & Bell, I975), and the other in cell envelope proteins (Schweitzer et al., 1976) , the former showed an increase in the buoyant density of its membrane and the latter a decrease. The protein/phospholipid ratio was higher in the 'Phofil' mutant than in the parent ( Table 2) , both in envelope preparations of bleached cells (increase of 52 %) and in whole cells grown semi-aerobically (increase of 33 %)* Return to the unadapted state. (i) Intracytoplasmic membrane differentiation. Uspenskaya & Lyskova ( I 972) and Drews ( I 9 7 4 , using Rhodopseudomonas palustris and Rhodopseudomonas capsulata respectively, isolated mutants whose phenotypes were expressed when pigment synthesis was induced after total or partial bleaching, i.e. after an initial differentiation of intracytoplasmic membrane into cytoplasmic membrane. We studied the differentiation of the intracytoplasmic membrane of adapted mutants of R. sphaeroides in two ways: firstly by transfer of photosynthetically-grown cells to aerobiosis ; and secondly by transfer of cells grown photosynthetically at low light intensity to high light intensity. In the former case, the typical constituents of intracytoplasmic membrane are utilized for cytoplasmic membrane formation, whereas in the latter case, de novo synthesis of both membranes occurs (Irschik & Oelze, 1973) .
Aerobic cultures, grown for up to 25 generations under pure oxygen in the dark or sparged with air in high light intensity, were periodically examined for their repigmentation capacity by transferring samples to photosynthetic conditions. Repigmentation occurred as in the wild type. There was no re-expression of the unadapted phenotype. After 25 generations, the sample stayed completely bleached and was unable to start photosynthetic growth (repigmentation requiring an intermediate transfer in semi-aerobiosis). After transfer from low light intensity under nitrogen (700 lx, 6-5 nmol bacteriochlorophyll per 109 cells) to high light intensity (6000 lx, 2-2 nmol bacteriochlorophyll per 109 cells), the adapted bacteria were grown again at low light intensity. Repigmentation proceeded without the reappearance of the unadapted phenotype.
Thus, no return to the unadapted phenotype was observed during repigmentation of previously bleached adapted cells, either when the cytoplasmic membrane was derived from functional intracytoplasmic membrane or when synthetized de novo. This conclusion may extended to the unadapted mutant. The rate of pigment precursor excretion observed in semi-aerobiosis was not significantly different before or after bleaching the inoculum.
(ii) Factors promoting filamentation. LOW doses of penicillin inhibit bacterial septation and, as growth proceeds, the cells elongate and from filaments (Strominger et a/., 1971) .
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Determined by phosphate analysis, assuming an average molecular weight of 750. Penicillin induced filamentation in adapted R. sphaeroides but the pigment precursor was not excreted. Nevertheless, the death rate of the mutant was lower than that of the wild type. The survival curves (Fig. 6) were clearly polyphasic; as the time of the experiment exceeded the doubling time, the data were corrected for the ensuing growth. The ratio of the initial slopes of the curves (mutantlwild type) had a constant value of 1.5 whatever the antibiotic concentration. This indicates a higher resistance of the mutant. The second parts of
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the curves showed increasing slopes up to infinity (Fig. 6a, 6) ; the surviving cells then grew like the control. Ultraviolet light induces filamentation in several mutants of heterotrophic bacteria (Walker & Pardee, I 967). Rhodopseudomoncis sphaeroides grown semi-aerobically was irradiated during the exponential growth phase: the dose-effect curves of the wild type and the adapted mutant were similar; the survival of unadapted mutant cells was appreciably higher (Fig. 7a) , probably due to their polyploidy in semi-aerobiosis. Examination of the colonies obtained from surviving adapted mutants indicated that the unadapted phenotype was not expressed. When adapted mutant cells from a culture growing exponentially and semi-aerobically at 30 "C were left for 6 h at ambient temperature (20 "C) before irradiation, a quantitatively significant number of survivors, depending on the dose given, gave colonies with the unadapted phenotype (Fig. 7b) . No heterogeneity was observed among the colonies obtained (I 500 in number) from non-irradiated (reference) or weakly irradiated (20 J m-2) cells. The results cannot therefore be due to an initial heterogeneity in the culture, such as a mixture of adapted and unadapted cells, which would lead (as the unadapted cells have a lower sensitivity) to selective death of adapted mutant cells. The two latter observations on the effect of ultraviolet light irradiation on exponentially growing cells either at 30 "C or after transfer to 20 "C, are not necessarily contradictory. The results were analysed only after a time equivalent to 30 generations, as required for colony formation; even if the surviving cells had resumed the unadapted phenotype, their descendants might have recovered a corrected phenotype during this period.
The influence of low temperature was demonstrated when an inoculum was taken from an adapted culture and grown aerobically at 21 "C and samples were transferred to photosynthetic conditions at 30 "C. Repigmentation of samples taken during the exponential growth phase at 21 "C was similar to that of the wild type. On the other hand, both phenotypes appeared during the repigmentation of samples from the stationary phase. Hence, two conditions, ultraviolet light and low temperature, have been found which promote the reappearance of the unadapted phenotype.
DISCUSSION
Cell division mutants fall into two categories: in one type, the synthesis of DNA is affected together with septation; in the other, DNA synthesis proceeds, with apparently normal segregation as the cells elongate (Slater & Schaechter, 1974) . The 'Phofil' mutant ( Fig. I ) clearly belongs to the latter group. The cell envelope is currently thought to play an important role in the control of bacterial cell division. Alterations in the wall (Stone, 1973) or in the cytoplasmic membrane (Starka, 1971 ; Slater & Schaechter, 1974) may impair septation. Our evidence strongly suggests the presence of a defect in the wall as well as in the cytoplasmic membrane of the 'Phofil' mutant.
The molecular weight of the smallest unit of the excreted complex was 24000 to 28000, as determined by the ponderal partition (half to half) between the proteinaceous and nonproteinaceous parts and by analysis of the polypeptide composition (one polypeptide had a mol. wt of 12000 to 14000; unpublished work). The excretion of such a large complex indicated that the cell wall was defective (Leive, 1974) . Moreover, structural anomalies in the wall of the filaments were clearly visible (Fig. I b) . Further evidence supporting this view was shown by the different effects of NaCl and sucrose. The inhibition of division of unadapted cells grown photosynthetically was reversed by NaCl (0.25 M) but not by sucrose at the same concentration. Stone (1973) noted the same behaviour with a division mutant of E. coli and suggested that, since sucrose was ineffective, NaCl did not act on the cytoplasmic membrane by increasing the osmolarity but that the conformation of the cell wall might be stabilized or otherwise modified by direct interaction with the electrolyte.
The assumption of the existence of a defect in the inner membrane is based firstly on the relative inability of this membrane to incorporate the pigment complexes synthetized, particularly the last precursor F,, bacteriochlorophyll(ide) complex (Pradel & Clement-MCtral, 1976) , and secondly on the higher tolerance of the mutant towards penicillin. Such a tolerance cannot be attributed to a decreased ability of the antibiotic to enter the cell, as the wall shows a defective barrier function, but rather to a restriction of the rate at which penicillin can reach its target. Recent work of Spratt & Pardee (1975) indicates that all the penicillinbinding proteins are in the cytoplasmic membrane and that one is an enzyme involved in the terminal stages of peptidoglycan metabolism. Thus, an alteration of the cytoplasmic membrane could affect the function of this enzyme leading simultaneously to higher resistance to penicillin and to a deficient peptidoglycan layer of the cell wall. The protein/phospholipid ratio and the qualitative analysis of polypeptides by gel electrophoresis suggest that the membrane of the mutant is defective in phospholipids rather than in polypeptides.
As the unadapted phenotype is not expressed after bleaching adapted cells, the mutation is not in the photosynthetic apparatus itself. The positive actions of low temperature and ultraviolet light irradiation suggest instead that the disturbed adaptation process corresponds to a period of unbalanced growth (Normark & Wolf-Watz, 1974) . During this unbalanced growth the different layers of the cell envelope are defective in several functions: diffusion barrier, structural integrity, cell division and photosynthetic apparatus construction.
During the disturbed adaptation of the 'Phofil' mutant, the inner membrane differentiates only to a certain extent, the degree of differentiation being representative of the degree of adaptation of the inoculum. The reverse process, i.e. loss of pigmentation by transfer from anaerobic to aerobic conditions, induces no or little modification of this degree of adaptation. Thus, bleached mutant cultures can be obtained with different potentials for cytoplasmic membrane differentiation. This property, which permits the study of the assembly of photopigments in various, and particularly low, levels of membrane differentiation, will be examined further.
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